ZnO nanostructures were synthesized using two different routes and the light sensor response of structures was studied. The synthesis by carbothermal reduction resulted in ZnO tetrapods while the synthesis by microwave assisted hydrothermal method produced multipoint stars structures. Characterization by scanning and transmission electron microscopy confirmed that both structures consist of one-dimensional crystals with a hexagonal cross section and [001] growth direction. Under a simulated solar radiation spectrum, it was observed that tetrapods display a light sensor response of approximately 5000. For the multipoint stars, a maximum in the sensor signal value of 3400 was achieved, which also represents a substantial variation in the conductivity of the material. A model based on the surface oxygen presence is proposed to explain the observed results.
Introduction
The necessity for monitoring and the control of gas emission and ultraviolet (UV) radiation levels in the environment has been responsible for increasing the research and development of high performance sensor devices [1, 2] . Sensors based on nanostructured semiconductor materials have been widely investigated due to their high response signal, high efficiency, and low processing cost [3] [4] [5] . Zinc oxide is a versatile material and when nanostructured, ZnO has potential applications in several areas, such as optoelectronics, varistors, sensors, transducers, and biomedical sciences [6] [7] [8] [9] . ZnO is an n-type semiconductor with theoretical band gap of 3.3 eV at room temperature and has several interesting properties: good transparency in the visible range of the electromagnetic spectrum, high electron mobility, piezoresponse, and luminescence, among others [10, 11] . The high exciton binding energy (60 meV) of the ZnO crystal can ensure efficient excitonic emission at room temperature; hence, luminescent properties are expected at room temperature with UV stimulation [12] . Moreover, the ZnO energy band gap corresponds to the energy of a photon in the ultraviolet range of spectrum, which indicates that this material is an excellent candidate for UV sensor devices [13] .
UV sensors are used in many cases for the detection of ozone, monitoring UV solar radiation, fire alarms, and night vision devices [14] . Aiming to improve this class of sensors, studies have been conducted engineering structural and morphological changes to the ZnO materials [15] [16] [17] .
Generally, the dimensions of nanostructures are comparable to the de Broglie wavelength, thereby revealing the quantum nature of the carriers present in the system. Due to confinement in these dimensions, carriers have a change in the occupation of energy states and may exhibit unusual electrical properties. In this way, the use of nanomaterials for sensor application can induce a fully depleted material resulting in a high sensor response once the dimensions are brought close to the Debye length of the material. Therefore, the synthesis route plays a crucial role in the final properties due to the morphological and chemical control of the material [18, 19] .
In this work, ZnO nanostructures were prepared by both carbothermal reduction and microwave assisted hydrothermal methods and were characterized by XRD, UV-Vis, SEM, and TEM. The UV radiation sensor properties were tested in order to determine the effect of characteristic morphology of the material on its sensor response. 
Experimental Methodology

Preparation of ZnO Nanostructures.
Two different methods were used to synthesize ZnO nanostructures: (i) an evaporation method using a carbothermal reduction process and (ii) a solution method using microwave assisted hydrothermal (MAH) synthesis [20] [21] [22] .
For the evaporation synthesis method (i), a tubular furnace (EDG, model HT40) and high density alumina tubes were used. Commercial zinc oxide (99.9% purity, SigmaAldrich) was first mechanically mixed with a carbon black reducing agent (Union Carbide, >99% purity) in a 1 : 1 molar proportion. Next, one gram of the resulting mixture was placed in an alumina boat which was inserted in the central region (hot zone) of the tube furnace. A dynamic flow of inert gas (N 2 ) was kept constant during the synthesis to transport the vapor coming from the sublimation of the oxide to a cooler region of the tube, desublimating the vapor. The synthesis was carried out at 1100 ∘ C for 60 minutes with a heating rate of 10 ∘ C/min. A controlled amount of oxygen was introduced into the tube during the synthesis with a nitrogen : oxygen flux proportion of 80 : 60 to obtain the desired ZnO phase. The control of the morphology of the synthesized material was done by empirically controlling the supersaturation level of the vapor inside the tube, knowing that to obtain one-dimensional materials low levels of supersaturation are desirable [23] .
In the MAH synthesis method (ii), an adapted microwave oven was used [24] . The precursors used for this synthesis were zinc acetate (99.99% purity, Sigma-Aldrich) and sodium hydroxide (97.0% purity, Synth) in a mass ratio of 3 : 10. First, the zinc acetate was dissolved in deionized water by stirring and then sodium hydroxide was added in order to obtain a clear solution with a total volume of 130 mL. Next, the solution was placed in a sealed Teflon reaction cell and the synthesis was carried out at 120 ∘ C for 20 minutes with a heating rate of 140 ∘ C/min. Then, the reactor was naturally cooled until reaching room temperature and the obtained particles were centrifuged several times with deionized water to achieve a neutral pH.
Morphological and Structural Characterization.
The morphological characteristics of the materials were studied by field emission scanning electron microscopy (FE-SEM, JEOL 7500F) and also by transmission electron microscopy (TEM, Philips, model CM200), both equipped with EDX. For the electron microscopy (EM) characterization, a sample suspension was prepared in isopropanol using an ultrasound bath to disperse the materials. Several drops of the suspension were deposited over a conductive Si substrate for SEM analyses, and one drop of the suspension was deposited on a carbon covered copper grid for TEM analysis. In both cases, the samples were dried at room temperature.
UV-Vis characterization was employed to estimate the band gap energy of the ZnO samples. Analyses were made using a Perkin Elmer spectrophotometer (LAMBDA 1050) in the wavelength range from 200 to 800 nm, at room temperature. 
Light Sensor Studies.
To perform the light sensor measurements, the synthesized materials were deposited on substrates with interdigitated gold electrodes. The substrate coated with nanostructures was inserted in an obscure camera with a shutter to allow the light to pass through ( Figure 1 ). The substrate was positioned parallel to the shutter and perpendicular to the light beam from a xenon lamp (Solar Light, model 16S-300-VB; irradiance set at 50 mW/cm 2 ) which was positioned 40 cm from the sample. The materials were exposed to the radiation in cycles of 400 seconds, 200 s exposed followed by 200 s unexposed. The sensor measurements were carried out using a stabilized voltage source unit (Keithley, model 237). A constant 15 V bias was applied to the substrate while the current was monitored as a function of time. Based on the radiation sensor measurements, the sensor sensitivity, response time, recovery time, responsivity, and external quantum efficiency were calculated.
The sensitivity is quantified based on a relationship between the sensor response to a stimulus and the baseline, in this case the conductance when unexposed. Equation (1) was used to measure the sensor signal ( ) [25] :
where is the conductance with light incident on the material and 0 is the conductance in the dark.
The parameters typically used to determine the speed of the sensor response are the response time and the recovery time. The response time is the time required to reach 90% of maximum sensor response after inserting the stimulus. The Journal of Nanomaterials 3 recovery time refers to the time the sensor needs to resume the sensor response to 90% of initial baseline (current with the sample in the dark) after the removal of stimulus.
Equation (2) is the mathematical expression for the response time ( resp. ) [25] :
Results and Discussion
Characterization of ZnO
Nanostructures. XRD data from both samples (not shown here) showed that the structures were grown in the hexagonal ZnO structure (JCPDS #36-1451) with no other peaks identified. Figure 2 shows SEM images of collected materials grown after the synthesis by the carbothermal reduction method. The material morphology is mostly composed of tetrapods, which have at their extremities long strands and a diameter less than 100 nm. Some triangular plates can also be observed in the tangle of wires, and these plates are usually larger than 1 m. In order to study the tetrapods in more detail, transmission electron microscopy (TEM) was used and Figure 3(a) shows the TEM images of these ZnO structures. Based on the HRTEM analysis (Figure 3(b) ), it is possible to observe the uniform growth of nanostructures without the occurrence of macroscopic defects along its length, meaning that the pods are monocrystalline. The interplanar distance of the crystalline planes in the growth direction has a value of 0.52 nm, which is related to (001) plane of the ZnO structure (inset of Figure 3(b) ). As these planes are rotated 90
∘ from the growth direction, it is possible to confirm that each pod grew in [001] direction, which is in agreement with previous studies of this material [26, 27] . Moreover, it is known that ZnO materials grown in [001] direction have a hexagonal cross section, which agrees with the results shown in Figure 2 . Figure 4 shows SEM images of the structures obtained by MAH synthesis. The structures are composed of rods connected in a multipoint star morphology. Each rod has a hexagonal cross section, an average diameter of about 150 nm, a smooth surface, and a faceted tip and is joined by a common point. Figure 5 shows the base of a rod in a multipoint star structure. The insert shows a HRTEM image, where it is possible to observe a uniform growth without defects throughout the crystal. The observed interplanar distance has a value of 0.52 nm and is related to (001) plane of ZnO. Similar to that observed for the tetrapod-like structures, the growth direction for each rod of the star morphology is [001].
The room temperature UV-Vis absorption spectra of the ZnO samples are shown in Figure 6 , where it is possible to observe that the morphology difference plays no significant role in the absorption window. Absorption of both samples is very low from about 400 nm to 800 nm, range which includes the visible spectrum. This result is expected since ZnO is known as a transparent semiconductor. Samples exhibit a strong absorption edge at about 370 nm which can be assigned to the intrinsic band gap absorption of ZnO due to electrons transition from the valence to the conduction band (O 2p → Zn 3d ) [28] . The absorption spectra show the cut-off wavelengths for the tetrapods and for the multipoint star samples at 368 nm and 370 nm, respectively, blue shifted in relation to the bulk material, which is 380 nm [29] . This effect is attributed to the nanosize of the materials [30] .
The optical energy gap can be determined using the Tauc plot (see (3)), which correlates the absorbance ( ) with the band gap energy ( ) [31] :
In this equation, ℎ] is the photon energy and the value of the exponent denotes the nature of the sample transition. For direct allowed transitions, like in ZnO material, = 1/2. From the inset of Figures 6(a)-6(b), it was possible to observe that the value of the optical band gap of both structures is about ∼3.2 eV, which is close to the expected band gap of the ZnO at room temperature.
Growth Mechanism of Structures.
During the growth of the ZnO tetrapods by carbothermal evaporation method, no metal catalyst was needed and hence the growth is based on the vapor-solid (VS) mechanism. Because of the low supersaturation level associated with this process, it is common to obtain materials with a one-dimensional morphology. For the case of ZnO, studies [32, 33] have shown that the low oxidation rate of Zn vapor at the surface of Zn particles allows the development of one-dimensional ZnO structures. The wurtzite crystal structure of hexagonal ZnO is composed of O 2− and Zn 2+ ions arranged in a tetrahedral manner and stacked alternately along the -axis direction. Wang et al. [34] showed that ZnO crystal growth is faster for (001) plane due to its self-catalytic property.
For the ZnO materials grown by MAH, Huang et al. [35] proposed a suitable scheme for controlling the growth morphology. First, nuclei are generated by the induced microwave radiation (hot spots) and then progress to primary ZnO nanoparticles. Thus, the reaction continues to occur producing the growth of rods with hexagonal cross section. In order to form the star morphology, the nanorods need to grow from a common nucleus. Huang et al. suggest that this process may be related to an oriented attachment mechanism [35, 36] in which larger particles are grown from primary nanoparticles via an oriented binding process, wherein adjacent nanoparticles are self-organized due to a binding process which takes place when particles share a common crystallographic orientation. This model of growth can lead to the formation of faceted particles or anisotropic growth if there is sufficient difference in the surface energies of the different crystallographic faces. Therefore, it is believed that the formation of the ZnO complex nanostructures goes Journal of Nanomaterials through three steps in sequence: (1) hydrolysis induced by a microwave, which leads to the formation of primary ZnO nanoparticles, (2) fusion of primary nanoparticles following oriented growth to form nanorods structures, and (3) a process of growth and crystallization, giving rise to the formation of the final morphology (multipoint stars).
In order to achieve such a level of surface uniformity, it is possible that dissociation/recrystallization processes occur during the synthesis.
Sensor Properties.
The operating principle of the radiation sensor is based on the adsorption of oxygen on the surface of the material. In the absence of light, oxygen molecules adsorb on the surface of the nanostructures by chemisorbing free electrons from the semiconductor material, turning into negatively charged ions. The adsorption of oxygen is generally more effective for relatively high working temperatures, from 100 to 500 ∘ C, where the interaction of oxygen through the ionosorption mechanism may occur as molecular species (O 2 − ) and/or atomic (O − , O 2− ) species. Using different techniques, such as Temperature Programmed Desorption (TPD), Fourier Transform Infrared (FTIR) spectroscopy, and Electron Spin Resonance (ESR), it was shown that below 150 ∘ C the predominant species are the molecular ones while above this temperature the atomic species dominate [37] . The chemisorption of free electrons on the semiconductor surface enlarges the depletion layer (Figure 7 ) resulting in a decrease of the semiconductor conductivity. The following chemical reaction explains the effect of decreasing the number of free charge carriers on the material by the chemisorption process: Journal of Nanomaterials After exposure to UV light, electrons and holes are photogenerated in the material surface because the ZnO band gap is in the UV light energy range. Then, these holes at the surface of the material discharge the adsorbed oxygen ions through the following recombination:
Due to the reaction of holes with the surface ions, the photogenerated electrons will not completely recombine, and some of them become free electrons. This phenomenon increases the conductance of the semiconductor nanostructure when exposed to the light, as observed in our results. This suggests that photoelectric gain propagation is operating in the semiconductor rather than a simple process of capturing the light. When the light is off, the photogenerated electrons can still contribute to the current until they are captured by the surface states (e.g., through an oxygen chemisorption process). Then, it is expected that nanostructures can further increase the sensitivity of the material due to an increased surface area, which can ideally lead to the recognition of single photon detection [38, 39] . Moreover, the photoresponse is strongly dependent on the environment gas and is very slow in vacuum and in inert gases, presenting the response known as persistent photoconductivity, and fast in air [40] . As stated before, it should be related to the oxygen presence on the material surface. return to its initial state, in an exponential fashion. Several exposition cycles were performed and it can be observed for the tetrapods that the curves have good repeatability over time, reaching the same level of conductance when light is triggered on and maintained for 200 seconds. This result shows that the ZnO tetrapods are stable even after several cycles of light exposition, which is an important result for practical applications. The conductance versus time for the ZnO multipoint stars obtained by the MAH synthesis (Figure 8(a) ) also presents a good response to the light stimulus, but in these curves the conductance is observed to increase as a function of time. Despite the occurrence of this shift, the value of the response of the material is also significant. Furthermore, it was observed that after removal of the stimulus, the conductance always returned to the same value. In other words, the offset drift recovery is very low.
The sensor response of the tetrapods and the multipoint stars samples is presented in Figure 8(b) . For the tetrapods, the sensor signal was calculated to be 5000, which is a very high value of light sensor signal. The average response time of this sensor was 43 seconds, which is reasonable regarding the level of the sensor response achieved.
For the multipoint stars sample, the sensor signal was approximately 2500 for the lower curve and 3400 for the bigger one, with respective response times of 120 and 60 seconds, showing that it is not very stable over time. Again, the obtained sensor signal values are very high when compared to those found in the literature for other ZnO structures [41] [42] [43] [44] . Table 1 presents the values of the sensor signal, response time, recovery time, responsivity, and external quantum efficiency of the tetrapod and multipoint stars ZnO samples. Possibly, the instability of the multipoint star sample can be related to the fact that its morphology is "closed," thereby preventing the entry of light and thus reducing the formation of electron-hole pairs in the material with time. This also affects the heating of the entire material over time, which hinders the desorption of oxygen molecules, since studies indicate that the main mechanism of desorption of a material under light incidence is the local heating [45] .
So, in this work, we have showed the synthesis and light sensor characterization of ZnO nanostructures produced by carbothermal reduction process and microwave assisted hydrothermal method. Results show that both systems have a very high sensor signal when exposed to light, but tetrapods grown by the carbothermal method are the most sensitive and more stable over time. Models of the materials growth and light sensor response were proposed and additional studies with decorated structures may be done in the future to further increase the sensor response of materials.
Conclusion
In this work, two distinct synthesis methods were used to produce ZnO crystals and the light sensor response of materials was studied. Using the carbothermal reduction method, Journal of Nanomaterials a tetrapod morphology was obtained and the microwave assisted hydrothermal method generated a multipoint starlike morphology. The synthesis methods were effective in obtaining pure ZnO without impurities and with a uniform morphology, in both methods. Both samples showed good response to solar radiation, and the sensor signal obtained was 5000 for the tetrapods. For the multipoint stars, there was a gradual increase of the signal and its value ranges from approximately 2400 to 3400. The instability of the multipoint star sample was attributed to its closed morphology. Models based on oxygen adsorption on the material surface were addressed to explain the sensor response of materials.
